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SYSTEM AND METHOD FOR CONDITIONAL
BIVENTRICULAR PACING

RELATED APPLICATION

The present application claims priority and other benefits
from U.S. Provisional Patent Application Ser. No. 61/156,
206, filed Feb. 27, 2009, entitled “A SYSTEM AND

METHOD FOR CONDITIONAL BIVENTRICULAR PAC-
ING”, incorporated herein by reference 1n 1t’s entirety.

BACKGROUND

1. Field of the Invention

The present disclosure relates to implantable medical
devices and more particularly, implantable medical devices
that provide biventricular pacing.

2. Description of the Related Art

Implantable medical devices (“IMDs”) provide various
cardiac therapies 1ncluding pacing, cardioversion and
defibrillation. Initially, the primary purpose of a pacing
therapy was to prevent symptomatic bradycardia due to dis-
orders of impulse formation (i.e., sinus node dysfunction) or
propagation (1.e., atrioventricular block).

Pacing systems evolved with the goal of providing full
control of the electrical timing of the heart in order to more
closely mimic the precise electromechanical relationships of
the cardiac cycle. For example, 1n a conventional dual cham-
ber pacing system (right atrial (RA) and night ventricular
(RV) pacing), a dual chamber pacing mode such as DDD/R
could provide atrial timing to control heart rate 1n response to
sensed physiological demand (1.e., increasing or decreasing
heart rate as needed) and provide preperly timed atrial-syn-
chronous RV pacing to assure atrioventricular (AV) syn-
chrony. In this manner, the various timing parameters were
well defined and controlled. That 1s, the pacemaker AV delay
(AVD: time from sensed or paced RA event to a RV paced
event unless ihibited by a spontaneous ventricular event)
was set to a physiologically desirable value that maximized
ventricular pump function during systole and the correspond-
ing ventriculo-atrial (VA) interval was sufliciently long to
permit ventricular relaxation and filling during diastole. In
general, the implantation of a dual chamber device 1s rela-
tively straightforward and the implementation and operation
of such a conventional device 1n a dual chamber mode (e.g.,
DDD, DDD/R, etc.) became a gold standard for therapy.

Awareness of the detrimental effects of electrical timing
disturbances on cardiac pump function encouraged the use of
multisite pacing stimulation as electrical therapy for other
types of cardiac disease. As an example, many systolic heart
tailure patients with intact AV conduction and proper intrinsic
rate control also have ventricular conduction disturbances
which cause regional mechanical delay (contraction asyn-
chrony) that worsens pump function. Cardiac resynchroniza-
tion therapy (CRT) was developed to provide pacing stimuli
to both the RV and left ventricle (LV) (and typically the RA)
to restore and maintain AV synchrony similar to conventional
dual chamber pacemakers, and additionally, to restore and
maintain ventricular contraction synchrony using biventricu-
lar (RV+LV) stimulation techniques. CRT 1s an important and
established therapy for systolic heart failure accompanied by
ventricular conduction delay resulting in LV contraction
asynchrony.

Any technique of biventricular pacing requires delivery of
a specially designed pacing lead to the epicardial or endocar-
dial surface of the LV. This can be achieved by several differ-
ent approaches, including transvenous epicardial, trans-
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2

venous endocardial and direct epicardial via limited left
lateral thoracotomy. Generally, LV pacing leads are delivered
transvenously to the RA, navigated through the coronary
sinus 1nto a coronary vein tributary adjacent an exterior por-
tion (epicardial surface) of the LV. Currently, application of
biventricular pacing 1s confined to patients with systolic heart
failure and ventricular conduction delay that occurs sponta-
neously or 1s imposed by obligatory RV pacing.
Conventional dual chamber pacing prioritizes AV timing,
by synchronizing a RV paced beat to every RA event (paced
or sensed), even when AV conduction 1s intact. Over time,
there has been recognition 1n the field that RV apical (RVA)
pacing (1.e., only providing ventricular pacing 1n the right
ventricular apex), despite maintenance of AV synchrony, 1s
associated with i1ncreased risks of atrial fibrillation, heart
failure and death. These adverse effects are attributed to dis-
ruptions to AV timing and an asynchronous ventricular con-
traction sequence obligated by RVA-only pacing. In many
patients obligatory RVA-pacing 1s a consequence of invio-
lable pacemaker timing rules. Consequently, new pacemaker
modes were developed to prioritize intrinsic AV conduction
and spare RVA pacing, permitting significantly prolonged AV
conduction times and occasional missed ventricular beats.
Accordingly, a pacing protocol to promote intrinsic con-
duction has been developed having a protocol that 1s com-
mercialized in various embodiments as MVP™ (Managed
Ventricular Pacing™). In summary, MVP™ operates to pro-
vide a pacing protocol that provides multiple-beat AV syn-
chronization and minimizes or reduces RV pacing by (1)
climinating the pacemaker AV interval (AVI) and restrictions
on the PR interval and (2) occasionally tolerating a complete
cardiac cycle devoid of ventricular activity while prioritizing
intrinsic AV conduction and ventricular contraction syn-
chrony. In other words, the protocol tolerates a complete
cardiac cycle devoid of ventricular activity (1.e., no sensed
spontaneous ventricular event, no ventricular pacing) while
providing properly timed atrial synchronous ventricular pac-
ing in the cycle immediately subsequent to the cardiac cycle
devoid of spontaneous ventricular activity. If there 1s a loss of
intrinsic conduction for a prolonged period of time, the pro-
tocol will cause the device to operate 1n a dual chamber mode
(e.g., DDD/R) to maintain AV synchrony and prevent ven-
tricular asystole, and to periodically perform conduction
checks for recovery of intrinsic AV conduction. Minimization
of unnecessary RVA pacing using such techniques has been
shown to reduce the risks of atrial fibrillation and heart failure
compared to obligatory RVA pacing at standard AV delay

settings associated with conventional dual chamber pacemak-
ers.

While these kinds of pacing protocols provide ever safer
and eflicacious therapies for various patient populations,
there remain numerous other patient populations that lack an
clfective pacing therapy to address their cardiac condition.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an 1llustration of an implantable pulse generator
configured for bi-ventricular pacing.

FI1G. 2 1s a schematic block diagram of an exemplary multi-
chamber pacemaker or implantable pulse generator (IPG),
such as that shown 1n FIG. 1.

FIGS. 3A and 3B are timing diagrams illustrating a series
of cardiac cycles.

FIG. 4 1s a flowchart describing a method of providing
conditional triple chamber pacing, according to one embodi-
ment.
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FIG. 4A 1s a flowchart illustrating an exemplary feature of
cumulative assessment of AVI burden according to an

embodiment of the disclosure.

FI1G. 51s a flowchart describing three conditions sensed for
during operation 1 conditional triple chamber pacing,
according to one embodiment.

FIG. 6 1s a flowchart describing a method of providing
conditional triple chamber pacing according to one embodi-
ment.

FIG. 7 1s a flowchart illustrating an exemplary feature of
cumulative assessment of AVI burden according to an
embodiment of the disclosure.

FIG. 8 1s a flowchart illustrating an exemplary feature of
cumulative assessment of AVI burden according to an
embodiment of the disclosure.

FI1G. 9 1s a flowchart 1llustrating an exemplary feature of
cumulative assessment of AVI burden according to an
embodiment of the disclosure.

DETAILED DESCRIPTION

FIG. 1 depicts an implantable medical device (IMD)
embodied as a multi-chamber cardiac pacemaker or implant-
able pulse generator (IPG) 14. While an IPG 1s 1llustrated, 1t
will be appreciated that embodiments may be provided that
include and implantable cardioverter defibrillator (ICD) hav-
ing pacing capabilities. The multi-chamber IPG 14 1s config-
ured to deliver pacing pulses to one or more heart chambers as
needed to control the heart activation sequence or provide
other therapy. The IPG 14 1s shown 1n communication with
patient’s heart 10 by way of three leads 16, 32 and 52. The
heart 10 1s shown 1n a partially cut-away view illustrating the
upper heart chambers, the right atrium (RA) and left atrium
(LA), and the lower heart chambers, the right ventricle (RV)
and left ventricle (LV), and the coronary sinus (CS) extending
from the opening 1n the right atrium laterally around the atria
to form the great cardiac vein 48, which branches to form
inferior cardiac veins.

The IPG 14 1s typically implanted subcutaneously 1n a
patient’s body between the skin and the ribs. The transvenous
endocardial leads 16, 32 and 52 connect the IPG 14 with the
RA, the RV and the LV, respectively. Each lead has at least one
clectrical conductor and pace/sense electrode. A remote
indifferent can electrode 20 1s formed as part of the outer
surface of the housing of the IPG 14. The pace/sense elec-
trodes and the remote indifferent can electrode 20 can be
selectively employed to provide a number of unipolar and
bipolar pace/sense electrode combinations for pacing and
sensing functions.

The depicted bipolar endocardial RA lead 16 1s passed
through a vein into the RA chamber of the heart 10, and the
distal end of the RA lead 16 1s attached to the RA wall by an
attachment mechanism 17. The bipolar endocardial RA lead
16 1s formed with an 1n-line connector 13 fitting into a bipolar
bore of connector block 12 that 1s coupled to a pair of elec-
trically msulated conductors within lead body 15 and con-
nected with distal tip RA pace/sense electrode 19 and proxi-
mal ring RA pace/sense electrode 21 provided for achieving
RA pacing and sensing of RA electrogram (EGM) signals.

Bipolar, endocardial RV lead 32 1s passed through the RA
into the RV where its distal ring and tip RV pace/sense elec-
trodes 38 and 40 are fixed in place 1n the apex by a conven-
tional distal attachment mechanism 41. The RV lead 32 1s
formed with an in-line connector 34 {itting into a bipolar bore
of connector block 12 that 1s coupled to a pair of electrically
insulated conductors within lead body 36 and connected with
distal tip RV pace/sense electrode 40 and proximal ring RV
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4

pace/sense electrode 38 provided for RV pacing and sensing
of RV EGM signals. RV lead 32 further includes an RV wall
motion sensor 60. RV wall motion sensor 60 may be posi-
tioned 1nto or proximate the RV apex for detecting motion or
acceleration of the RV apical region. Implantation of an accel-
eration sensor in the right ventricle 1s generally disclosed 1n
U.S. Pat. No. 5,693,075 1ssued to Plicchu, et al., incorporated
herein by reference 1n 1ts entirety.

In this illustrated embodiment, a unipolar, endocardial LV
CS lead 52 1s passed through the RA, into the CS and further
into a cardiac vein to extend the distal LV CS pace/sense
clectrode 50 alongside the LV chamber to achieve LV pacing
and sensing of LV EGM signals. The LV CS lead 52 is
coupled at the proximal end connector 54 fitting into a bore of
connector block 12. A small diameter unipolar lead body 56 1s
selected 1n order to lodge the distal LV CS pace/sense elec-
trode 50 deeply 1n a cardiac vein branching from the great
cardiac vein 48.

Coronary sinus lead 52 may optionally be provided with a

wall motion sensor 62 capable of generating a signal propor-
tional to the acceleration of the left ventricular free wall.

In a four chamber embodiment, LV CS lead 52 could bear
a proximal LA CS pace/sense electrode positioned along the
lead body to lie 1n the larger diameter coronary sinus adjacent
the LA for use i pacing the LA or sensing LA EGM signals.
In that case, the lead body 56 would encase an 1nsulated lead
conductor extending proximally from the more proximal LA
CS pace/sense electrode(s) and terminating 1n a bipolar con-
nector 54.

FI1G. 2 1s a schematic block diagram of an exemplary multi-
chamber IPG 14, such as that shown 1n FIG. 1, that provides
bi-ventricular or triple chamber pacing. The IPG 14 1s pret-
erably a microprocessor-based device. Accordingly, micro-
processor-based control and timing system 102, which varies
in sophistication and complexity depending upon the type
and functional features incorporated therein, controls the
functions of IPG 14 by executing firmware and programmed
software algorithms stored in associated RAM and ROM.
Control and timing system 102 may also include a watchdog
circuit, a DMA controller, a block mover/reader, a CRC cal-
culator, and other specific logic circuitry coupled together by
on-chip data bus, address bus, power, clock, and control sig-
nal lines 1n paths or trees 1n a manner known 1n the art. It waill
also be understood that control and timing functions of IPG
14 can be accomplished with dedicated circuit hardware or
state machine logic rather than a programmed microcom-
puter.

The IPG 14 includes interface circuitry 104 for receiving
signals from sensors and pace/sense electrodes located at
specific sites of the patient’s heart chambers and delivering
cardiac pacing to control the patient’s heart rhythm and resyn-
chronize heart chamber activation. The interface circuitry 104
therefore includes a therapy delivery system 106 intended for
delivering cardiac pacing impulses under the control of con-
trol and timing system 102. Delivery of pacing pulses to two
or more heart chambers 1s controlled 1n part by the selection
of programmable pacing intervals, which can include atrial-
atrial (A-A), atnal-ventricular (A-V), and ventricular-ven-
tricular (V-V) intervals.

Physiologic mnput signal processing circuit 108 1s provided
for recerving cardiac electrogram (EGM) signals for deter-
mining a patient’s heart rhythm. Physiologic iput signal
processing circuit 108 additionally receives signals from left
ventricular wall acceleration sensor 62, and RV wall accel-
eration sensor 60, and processes these signals and provides
signal data to control and timing system 102 for further signal
analysis. For purposes of illustration of the possible uses of
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the invention, a set of lead connections are depicted for mak-
ing electrical connections between the therapy delivery sys-
tem 106 and the input signal processing circuit 108 and sets of
pace/sense electrodes, acceleration sensors, and any other
physiological sensors located in operative relation to the RA,
LA, RV and LV.

Control and timing system 102 controls the delivery of
bi-atrial, bi-ventricular, or multi-chamber cardiac pacing
pulses at selected intervals intended to improve heart cham-
ber synchrony. The delivery of pacing pulses by IPG 14 may
be provided according to programmable pacing intervals,
such as programmable conduction delay window times as
generally disclosed 1n U.S. Pat. No. 6,070,101 1ssued to
Struble et al., incorporated herein by reference 1n its entirety,
or programmable coupling intervals as generally disclosed 1n
above-cited U.S. Pat. No. 6,473,645 1ssued to Levine.

The therapy delivery system 106 can optionally be config-
ured to include circuitry for delivering cardioversion/defibril-
lation therapy 1n addition to cardiac pacing pulses for con-
trolling a patient’s heart rhythm. Accordingly, leads in
communication with the patient’s heart could additionally
include high-voltage cardioversion or defibrillation shock
clectrodes.

A battery 136 provides a source of electrical energy to
power components and circuitry of IPG 14 and provide elec-
trical stimulation energy for delivering electrical impulses to
the heart. The typical energy source 1s a high energy density,
low voltage battery 136 coupled with a power supply/POR
circuit 126 having power-on-reset (POR) capability. The
power supply/POR circuit 126 provides one or more low
voltage power (Vlo), the POR signal, one or more reference
voltage (VREF) sources, current sources, an elective replace-
ment indicator (ERI) signal, and, 1n the case of a cardiover-
s1on/defibrillator capabilities, high voltage power (Vhi) to the
therapy delivery system 106. Not all of the conventional
interconnections of these voltages and signals are shown 1n
FIG. 2.

Current electronic multi-chamber IPG circuitry typically
employs clocked CMOS digital logic ICs that require a clock
signal CLK provided by a piezoelectric crystal 132 and sys-
tem clock 122 coupled thereto as well as discrete compo-
nents, e.g., inductors, capacitors, transformers, high voltage
protection diodes, and the like that are mounted with the ICs
to one or more substrate or printed circuit board. In FIG. 2,
cach CLK signal generated by system clock 122 1s routed to
all applicable clocked logic via a clock tree. The system clock
122 provides one or more fixed frequency CLK signal that 1s
independent of the battery voltage over an operating battery
voltage range for system timing and control functions and in
formatting uplink telemetry signal transmissions in the telem-
etry I/0 circuit 124.

The RAM registers included in microprocessor-based con-
trol and timing system 102 may be used for storing data
compiled from sensed EGM signals, acceleration signals,
and/or relating to device operating history or other sensed
physiologic parameters for uplink telemetry transmission
upon receipt of a retrieval or interrogation instruction via a
downlink telemetry transmission. Criteria for triggering data
storage can be programmed via downlinked instructions and
parameter values. Physiologic data, including acceleration
data, may be stored on a triggered or periodic basis or by
detection logic within the physiologic input signal processing
circuit 108. In some cases, the IPG 14 includes a magnetic
field sensitive switch 130 that closes in response to amagnetic
field, and the closure causes a magnetic switch circuit 120 to
1ssue a switch closed (SC) signal to control and timing system
102 which responds 1n a magnet mode. For example, the
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patient may be provided with a magnet 116 that can be
applied over the subcutaneously implanted IPG 14 to close
switch 130 and prompt the control and timing system to
deliver a therapy and/or store physiologic data. Event related
data, e.g., the date and time and current pacing parameters,
may be stored along with the stored physiologic data for
uplink telemetry 1n a later interrogation session.

Uplink and downlink telemetry capabilities are provided to
enable communication with either a remotely located exter-
nal medical device or amore proximal medical device on orin
the patient’s body. Stored EGM, or LV acceleration data as
well as real-time generated physiologic data and non-physi-
ologic data can be transmitted by uplink RF telemetry from
the IPG 14 to the external programmer or other remote medi-
cal device 26 1n response to a downlink telemetered interro-
gation command. As such, an antenna 128 1s connected to
radio frequency (RF) transcerver circuit 124 for the purposes
of uplink/downlink telemetry operations. Telemetering both
analog and digital data between antenna 128 and an external
device 26, also equipped with an antenna 118, may be accom-
plished using numerous types of telemetry systems known in
the art for use 1n 1mplantable devices.

The physiologic mput signal processing circuit 108
includes electrical signal amplifier circuits for amplitying,
processing and sensing events from characteristics of the
clectrical sense signals or sensor output signals. The physi-
ologic mput signal processing circuit 108 may thus include a
plurality of cardiac signal sense channels for sensing and
processing cardiac signals from sense electrodes located in
relation to a heart chamber. Each such channel typically
includes a sense amplifier circuit for detecting specific car-
diac events and an EGM amplifier circuit for providing an
EGM signal to the control and timing system 102 for sam-
pling, digitizing and storing or transmitting in an uplink trans-
mission. Atrial and ventricular sense amplifiers include signal
processing stages for detecting the occurrence of a P-wave or
R-wave, respectively and providing an atrial sense or ven-
tricular sense event signal to the control and timing system
102. Timing and control system 102 responds 1n accordance
with its particular operating system to deliver or modily a
pacing therapy, i1 appropriate, or to accumulate data for
uplink telemetry transmission in a variety of ways known in
the art. Thus the need for pacing pulse delivery 1s determined
based on EGM signal input according to the particular oper-
ating mode 1n eflfect.

As previously discussed, biventricular pacing may be pro-
vided as a therapy in the form of CRT (cardiac resynchroni-
zation therapy) for heart failure patients having ventricular
contraction asynchrony due to conduction disturbances. This
does not address the substantial class of patients who have
systolic heart failure, normal ventricular conduction and con-
tractile synchrony, generally intact AV conduction, but with
varying degrees of prolonged PR intervals, which may
degrade LV pump function. For this group of patients, dual
chamber pacing may be provided, but as indicated, typically
results 1n a very high percentage of RVA pacing which 1s
associated with increased risks of heart failure and death.
Alternatively, a dual chamber device using a protocol such as
MVP™_ which promotes intrinsic conduction, would mini-
mize potentially adverse RVA pacing, but would not correct
spontaneously prolonged PR intervals and may worsen or
induce long PR intervals during desired or necessary atrial
pacing (collective referred to as AV desynchronopathy). This
may be particularly problematic for patients who require
frequent, or continuous, atrial pacing support due to sinus
node dysfiunction that occurs spontaneously, or due to neces-
sary cardiovascular medications
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As used herein, the term AV interval (atnial-ventricular
interval) or AVI means an estimate by the implantable medi-
cal device of the physiologic PR interval as initiated by either
an 1ntrinsic RA depolarization or RA pacing pulse, as mea-
sured from the sensed (or the known timing of the paced)
atrial activation to the resulting spontaneous RV sensed event.

As used herein, the term minimal biventricular pacing
mode (MBVP) means a pacing protocol or pacing mode that:

operates 1 an atrial based pacing mode providing RA
pacing while monitoring for RV sensed events, wherein
biventricular pacing is precluded while operating 1n the atrial
based pacing mode;

permits a complete cardiac cycle defined by an A-A inter-
val to lapse without a RV-sensed event;

provides a back-up biventricular pacing 1n an A-A interval
immediately subsequent to an A-A interval devoid of a RV-
sensed event, wherein the backup biventricular pacing pulse
1s synchronized to the atrial event initiating the A-A interval
in which the back-up 1s provided; and

operates 1n a triple chamber pacing mode 1f a predeter-
mined number of cardiac cycles are devoid of RV-sensed
events, wherein the triple chamber pacing mode provides
biventricular pacing in each cardiac cycle unless inhibited.

Minimal biventricular pacing (MBVP) may be a discrete
pacing mode or may be an overarchmg protocol that causes
mode changes to achieve a prescrlbed elifect. In MBVP, rather
than just providing a RV pacing pulse when ventricular pac-
ing 1s required, properly timed biventricular pacing 1s pro-
vided 1n response to certain conditions indicated by analysis
ol the occurrence/non-occurrence of mtrinsic AV conduction
in each cardiac cycle, described below 1n reference to FIGS.
3A and 3B. Thus, all of the variations and attributes described
with reference to the RV mode are similarly available 1n the
biventricular version as are the various programmable
attributes of biventricular pacing (e.g., sequential RV-LV tim-
ing). Finally, 1t will be appreciated that in some instances, the
biventricular version may provide monochamber (i.e., RV-or
[V-only) pacing. Reasons may include damage to a ventricu-
lar lead, physiological impairment (e.g., loss of monocham-
ber capture), or physician preference.

As used herein, the term AV-DC (AV decoupling) means
delayed AV coupling, indicated by AVIs that exceed a prede-
termined acceptable value and resulting in AV desynchroni-
zation, which may adversely affect ventricular pump func-
tion.

As used herein, the term AV-UC (AV uncoupling) means a
transient or permanent breakdown in 1:1 AV conduction (e.g.,
heart block).

As used herein, the term VA-C (VA coupling) means ven-
triculo-atrial association, indicated by a VA 1nterval that 1s
less than a predetermined value, and possibly resulting 1n
reduced ventricular preload or atrial transport block, collec-
tively referred to as the “pseudo-pacemaker syndrome™.

It 1s therefore understood that AV-DC, VA-C and AV-UC
represent a time continuum of progressively increasing AV
conduction time to the point of conduction failure.

FIG. 3A illustrates a timing diagram of operation in the
MBVP mode, with bar 200A representing an atrial channel
and bar 205A representing a ventricular channel. Each “A” on
the atrial channel 200 represents a RA event (paced or sensed)
that mitiates depolarization of the heart and the cardiac elec-
tromechanical cycle. Each subsequent A terminates the cur-
rent cardiac cycle and imitiates the next cardiac cycle. Thus, as
used herein, a cardiac cycle 1s defined as an A-A interval.

In MBVP, the normal condition is to operate 1n an atrial
based pacing modality such that RApacing 1s provided
according to the normal operating parameters. For a given
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cycle operating 1n this modality, ventricular pacing 1s pre-
cluded. Thus, 1n FIG. 3 A, the initial RAevent 210 occurs and
1s followed 1n time by a sensed (intrinsically conducted)
RVevent 212. The time interval between the RAevent 210 and
sensed RV event 212 1s denoted as the (pacemaker) AVI. This
1s a measured time 1nterval and this term (AVI) 1s used dii-
terently here than may be commonly seen elsewhere. Specifi-
cally, in other contexts the term AVI may be used to designate
a timer that 1s immitiated with an atrial event and upon expira-
tion of the timer a scheduled ventricular pacing pulse. For
clanty, applicant will use the term paced AV delay (PAVd) to
designate a timer that will end 1n a ventricular pacing pulse (1f
not inhibited).

As indicated, when the RVevent 212 1s sensed, 1t completes
the measurement of the pacemaker AVI, which 1s therefore an
estimate of the patient’s physiologic PR interval. The time
interval between the RV sensed event 212 and the subsequent
RA event 214 1s referred to as the VA interval.

With MBVP, as long as there was a RVsensed event 1n the
previous cardiac cycle, ventricular pacing 1s inhibited 1n the
current cardiac cycle. Thus, in the second cardiac cycle 1llus-
trated 1n FIG. 3A, the AVI between RAevent 214 and RV
sensed event 216 1s considerably longer and represents a long,
PR 1nterval (AV-DC). Consequently, the VA 1nterval 1s very
short. Nonetheless, intrinsic AV conduction 1s present and the
MBYVP mode continues to operate normally.

FIG. 3B 1illustrates operation of the MBVP mode when a
cardiac cycle 1s devoid of a RV-sensed event. A RA event 220
occurs and 1s followed by a RV-sensed event 222, which
therefore precludes ventricular pacing 1n the subsequent car-
diac cycle, which 1s mitiated by a RA event 224. As 1llus-
trated, the entire A-A iterval (A 224 to A 226) 1s devoid of
any sensed ventricular activity. In the third cardiac cycle, the
MBVP mode mnitiates a PAVd timer upon commencement of
the atrial event 226. At the expiration of the PAVd, a ventricu-
lar pacing pulse 228 1s delivered. This protocol promotes
intrinsic AV conduction by allowing for the maximum
amount of time 1n a given cycle for intrinsic AV conduction to
occur. In this manner, intrinsic AV and ventricular conduction
are prioritized despite the occurrence of an occasional missed
ventricular event.

While not 1illustrated, MBVP would generally preclude
ventricular pacing in the next sequential cardiac cycle after a
single ventricular pacing pulse. Theretore, 11 the first noncon-
ducted atrial cycle marks the onset of persistent heart block,
the effective ventricular rate would be halved unless addi-
tional ventricular pacing were provided. Thus, MBVP moni-
tors overall conduction and 1f a predetermined number of
cardiac cycles are devoid of ventricular activity over a given
span (e.g., 2 of 4 contiguous cycles), then a mode change 1s
elfected to provide more robust atrial-synchronous ventricu-
lar pacing (e.g., a DDD-like mode, where ventricular stimu-
lation 1s delivered 1n a biventricular configuration).

Thus, MBVP prowdes the benefit of promoting intrinsic
conduction while offering back up biventricular pacing as
required, and has the ability to determine when more robust
ventricular pacing 1s required.

On the other hand, by virtue of providing the entire cardiac
cycle for mtrinsic conduction to emerge, the protocol will
permit or induce long AVIs (e.g., as illustrated 1n the A-A
interval mitiated by atrial event 214). As previously dis-
cussed, this condition 1s referred to as AV-DC, which may
degrade LVpump function over time, particularly 1n patients
with systolic heart failure. There 1s not a currently accepted
clinical value for what constitutes an AVI that 1s “too long™ 1n
the context of otherwise obligatory RVA pacing, however, the
range of normal PR intervals 1s well-known. Thus, the value
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will be provided as a programmable parameter. Spurious or
infrequent cycles having long AVIs, while relevant as data
points for evaluating AVI behavior, are not the primary con-
cern. Rather, the patient’s overall burden of long AVIs 1s
important; thus, 1t 1s percentage of time that the patient has
long AVIs that 1s most relevant and targeted for therapy.

Furthermore, there 1s often a correlation between long
AV1s (and corresponding PR 1ntervals) and other predictable
and recurrent physiologic circumstances. AVIs are known to
be consistently longer during conditions of atrial pacing ver-
sus sinus rhythm, and this increase 1n AVI duration 1s known
to be 50-100 milliseconds (ms). In either situation of sinus
rhythm or atrial pacing, AVIs are further susceptible to pro-
longation due to increasing heart rates and autonomic influ-
ences. For example, long AVIs may occur exclusively during
sleep due to increased atrial pacing frequency and delayed AV
conduction time attributable to changes 1n autonomic tone.
Long AVIs may also occur during exercise due to physiologi-
cally delayed AV conduction at higher heart rates, and the
latter may be aggravated by a desire for rate-modulated pac-
ing. Consequently, AV-DC may be present only during con-
ditions of atrial pacing, and absent during sinus rhythm.

Finally, undesirably slow ventricular rates may arise dur-
ing atrial fibrillation, when no ordered relationship exists
between atrial and ventricular contraction, a form of instan-
taneous AV-UC not due to true AV conduction failure (such as
heart block, for example)

To address these 1ssues, a novel pacing modality 1s pro-
vided that 1s referred to as conditional triple chamber pacing
(CTCP).

Overview of CTCP—MBVP Integration

Asused herein, the terminology conditional triple chamber
pacing (CTCP) mode means a pacing mode that provides
atrial and biventricular pacing 1n the same manner and
according to the same rules as a dual chamber pacing mode
such as DDD, DDD/R, DDI, etc. except that biventricular
pacing 1s provided instead of RV only pacing, and the fre-
quency of biventricular pacing 1s conditional upon historical
and real-time assessment of AVI behavior.

In the case of MBVP, the therapeutic goal 1s conditional
“minimization” of ventricular pacing when AVIs are 1n a
suitable range. By comparison, the therapeutic goal of CTCP
1s to force continuous ventricular pacing in order to correct
abnormal AVI behavior (AV-DC and AV-UC). This 1s done
using biventricular stimulation in order to mitigate ventricu-
lar desynchronization that otherwise would accompany RVA
pacing 1n a conventional dual chamber pacing platform. In
some patients, CTCP would be applied at low situational
frequency (lor example, sleep or exercise) but in other
patients this might be provided on a continuous basis (for
example, patients who present with AV-DC at baseline, or
during necessary or desired atrial pacing for heart rate sup-
port). Theretore, MBVP 1s best described as a therapy for
mimmizing biventricular pacing, whereas CTCP 1s a therapy
for minimizing AV-DC and normalizing AVIs by forcing
biventricular pacing.

In summary, CTCP 1s provided in a device having atrial (or
biatrial) pacing capabilities along with biventricular pacing
capabilities (e.g., as illustrated i FIGS. 1 and 2). CTCP
operates the device according to the MBVP protocol and
additionally monitors AVI burden. If the AVI burden exceeds
a threshold, CTCP provides biventricular pacing in each car-
diac cycle for a period of time necessary to normalize AVIs
and then attempts to revert to MBVP 11 and when the long AVI
condition terminates.

A high level overview of CTCP 1s provided by the tflow-
chart of FIG. 4. After establishing baseline AVI data for a
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grven patient (to be described 1n greater detail below), the IPG
14 1s programmed to operate (400) 1n the MBVP modality.
The IPG 14 continues to monitor and collect (405) AVI data
for each cardiac cycle. A determination 1s made (410) as to
whether or not AV decoupling (AV-DC) has occurred. As
indicated, this determination 1s preferably based upon physi-
cian programmed parameters. For example, the physician
would select which AVI value (absolute magnitude 1n milli-
seconds of each timing interval per individual cardiac cycle)
would be a threshold for AV-DC, and would likely select from
values ranging from 200-450 ms 1n 10 ms increments. Then
an overall burden threshold would be selected, indicative of a
percentage of (1) time and/or (2) total cardiac cycles that the
patient’s AVI exceeds the numerical threshold. It the burden
threshold exceeds this composite value, AV-DC 1s declared.

The importance of establishing an AVI burden threshold
for declaring AV-DC 1s emphasized by AVI behavior in ambu-
latory ICD patients. High resolution cycle-by-cycle analysis
obtained exclusively using investigational software tends to
provide evidence that single time point measurements of
AV1s are not robust estimators of lifetime AVI behavior. Sta-
tistical modeling indicates that, for example, a baseline PR
interval of 240 ms does not guarantee that 100% of all AVIs
will exceed 240 ms under any pacing condition. This apparent
contradiction indicates that the baseline PR interval may
overestimate the lifetime average AVI in some patients. Fur-
thermore, the maccuracy of a single AVI measurement for
predicting lifetime average AVI behavior 1s modified by atrial
pacing burden. For example, a baseline PR interval o1 240 ms
would require 80% cumulative atrial pacing to achieve a 90%
probability o1 >40% all AVIs >250 ms; whereas a baseline PR
interval of 300 ms would require about 30% cumulative atrial
pacing to achieve a similar 90% probability of all AVIs >250
ms, despite the fact that baseline PR interval already exceeds
the 250 ms threshold. From above, 1t must also be true that the
baseline PR interval underestimates average AVI in some
patients.

Therefore pacing therapy decisions for AVI management
must be based on a cumulative assessment of AVIs (burden)
reflecting varying physiologic and atrial pacing conditions,
rather than a single baseline measurement or cycle-by-cycle
measurement. This provides a critical distinction between the

approach for determiming AVI burden over time of the present
disclosure, and the use of conventional AV delay hysteresis
for treating AV-DC.

In the case of AV delay hysteresis, the pacemaker operates
at 2 fixed AV delays, 1 long and 1 short. The AV delay (paced
or sensed) 1s periodically increased from the shorter to the
longer value. Occurrence of RV sensed events within the long
AV delay 1nhibits ventricular pacing 1n accordance with con-
ventional DDD timing rules. Occurrence of single, consecu-
tive, or X ol Y RV paced events at the long AV delay triggers
reversion to the short AV delay. While this approach could be
applied to correct AV-DC, 1t 1s heavily biased to ventricular
pacing and would tend to overestimate the frequency occur-
rence of AV-DC since decisions to pace the ventricle are made
on a cycle-by-cycle basis and without any acknowledgement
ol physiologic conditions (sleep, exercise, etc.) or circums-
stances 1voking atrial pacing.

Since any form of ventricular pacing, including biventricu-
lar pacing, may induce contraction asynchrony and degrade
LV pump function, CTCP should be provided only as needed
based on an accurate historical and real-time assessment of
AVI1behavior, rather than AV hysteresis, to determine the true
burden of AV-DC. In this manner, the present disclosure
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ensures that CTCP will be provided only as needed for situ-
ational AV-DC, thereby mimimizing biventricular pacing
whenever possible.

FIG. 4A 1s a flowchart illustrating an exemplary feature of
cumulative assessment of AVI burden according to an
embodiment of the disclosure. An 1nitial momitoring period of
at least 24 hours would be used to establish the mean baseline
AVI. This period 1s the minimum necessary to account for
circadian vaniation 1n AVI behavior (encompassing at least 1
tull wake-sleep cycle). AVIs will be recorded on every cardiac
cycle (432) and stored (434). In one embodiment, the AVIs
are placed in bins ranging 120-400 ms i 10-20 ms incre-
ments, for example. Since AVIs are expectedly longer during,
atrial pacing, separate counts will be maintained according to
atrial pacing status. For example, 1f atrial pacing 1s not present
(436), the AVI 1s stored and counted as having occurred
during sinus rhythm (438), and if atrial pacing i1s present
(436), the AVI 1s stored and counted as having occurred
during atrial pacing (440). It 1s anticipated that the frequency
of atrial pacing will be influenced by the interaction between
prevailing sinus rates, lower programmed pacing rate, and the
elfects of circadian variation 1n autonomic effects throughout
the course of a day.

In addition, the time of day associated with the occurrence
of the AVIs occurring during normal sinus rhythm can be
determined (442), so that each AVI 1s stored and counted as
having occurred during sinus rhythm at a specified time of
day (444). In the same way, the time of day associated with the
occurrence of the AVIs occurring during atrial pacing can be
determined (446), so that each AVI 1s stored and counted as
having occurred during atrial pacing at a specified time of day
(448). In one exemplary embodiment, including the specified
time of day i1s used to distinguish between AVIs occurring
during periods when 1t 1s likely the patient 1s awake and AVIs
occurring during periods when it 1s likely the patient 1s asleep.

From this data, the AVIs will be calculated and reported as
follows: (1) mean/median of all AVIs (all conditions of sens-
ing or pacing) stored over the 24 hour monitoring period
(434), (2) mean/median of the AVIs occurring during sinus
rhythm only (438), (3) mean/median of the AVIs occurring,
during atrial pacing only (440), (4) mean/median of the AVIs
occurring during sinus rhythm and during specific times of
days, such as daytime vs. nighttime, where the time of day can
be specified by the physician or set to nominal values, (5)
mean/median of the AVIs occurring during atrial pacing dur-
ing specilic times ol day, such as daytime vs. nighttime,
where the time of day can be specified by the physician or set
to nominal values that conform to the typical wake-sleep 24
hour cycle.

Based on clinical data derived from a large population of
patients with systolic heart failure who received ICDs accord-
ing to current evidence-based guidelines, had no ventricular

conduction disturbance (1.e., no bundle branch block) and
thus no 1indication for conventional CRT, and who were
receiving good medical therapy, the minimum AV] threshold
tor AV-DC would be nominally set to 230 ms, for example.
Theretore, 11 the baseline AVI monitoring period determines
that =1% ofall AVIs are >230 ms, for example, CTCP will be
withheld and a second AVI monitoring period will immedi-
ately be mitiated. This monitoring period will be of greater
duration (1.e., 7 consecutive days) and data output will be
similarly composed. If =1% of all AVIs remain >230 ms,
serial 7 day monitoring periods will be scheduled on a
monthly basis or, alternately, AVIs will be counted, classified
and reported on a 30 day basis. It 1s understood that while the
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frequency count of AVIs under the 230 ms threshold is
described as corresponding to 1%, other percentage values
may be utilized as desired.

I 1t 1s determined that >1% of AVIs during any monitoring,
period exceeds 230 ms, a flag for AV-DC would be declared.
The circumstances of AV-DC would be characterized (i.e.,
sinus rhythm, atrial pacing, time of day). The cumulative %
time for AV-DC under each clinical condition will be
reported. CTCP will be nominally invoked to continuously
normalize AVIs at or exceeding 230 ms under any condition
of sinus rhythm, atrial pacing, wake or sleep unless overrid-
den by the physician. Flexibility 1n programming will permat
selection of burden thresholds (defined as cumulative % time
or cardiac cycles where AVI >230 ms).

It 1s expected that some patients will display AV-DC only
under explicit, reproducibly recurring circumstances which
provide additional opportunities for automaticity. For
example, AV-DC occurring during atrial pacing at night could
be addressed by triggering a sleep function to reduce the
programmed atrial pacing rate by a selectable value 1n order
to reduce pacing and reduce AV-DC burden. Similarly, AV-
DC occurring only during rate responsive pacing could be
addressed by automatically downregulating rate response
parameters and reevaluating AVI behavior until AV-DC 1s
climinated.

It1s also expected that some patients will have baseline AVI
>230 ms at the time of implantation. In some patients this will
be present during sinus rhythm at any heart rate due to
severely impaired AV conduction. In other patients 1t will be
present during continuous obligatory atrial pacing due to
marked sinus bradycardia and a desire for physiologic heart
rate. In erther situation, CTCP will be invoked immediately
upon termination of the initial monitoring period.

While the above determination 1s suificient to determine
AV-DC, CTCP 1n other embodiments uses additional criteria
to define AV-DC, such as known and predictably recurring
physiologic circumstances (i.e., sleep, exercise and atrial
fibrillation). Thus, the IPG 14 may further discriminate AV-
DC burden based upon these conditions. Sleep may be sensed
or estimated. Accelerometers to determine position, activity,
and breathing are known. Alternatively, time of day may be
relied upon for an estimate of likely sleep pattern or the
physician may mnput actual sleep times based on knowledge
of the individual patient. Exercise and activity level can like-
wise be determined from accelerometers (e.g., demand pac-
ing) or by monitoring intrinsic heart rates. Thus, the overall
percentage required to determine AV-DC may be correlated to
these activities rather than relying only a percentage of the
total number of cardiac cycles. For example, using the above
criteria, 1f more than 1% of cardiac cycles during periods of
sleep 1include AVIs that exceed 230 ms, then AV-DC 1s 1den-
tified. Assuming that the patient has shorter AVIs during
waking hours, the threshold might not reach 1% of total time.
Thus, by correlating the burden criteria to activities, it 1s
possible to determine conditional AV-DC.

Returning to the flowchart of FIG. 4, the IPG 14 determines
(410) whether or not AV-DC 1s present. If not, operation
continues 1n MBVP (400). It AV-DC 1s present, the IPG 14
operates inthe CTCP mode (415). In this manner, undesirably
long AVIs are targeted for correction using biventricular pac-
ing. This approach 1s intended to restore and maintain optimal
physiologic AV synchrony while minimally disrupting LV
contraction synchrony, unlike RVA pacing. CTCP would be
maintained as long as AV-DC criteria were satisfied. If the
patient were permanently 1n this status (long AVIs satisiying,
AV-DC criteria), then biventricular pacing would remain per-
manently enabled. In many or most cases however, the long
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AV1s are conditional; thus, there 1s a desire to revert to MBVP
when possible. The IPG 14 will periodically suspend (420)
CTCP (by reverting to MBVP and/or by providing progres-
stvely longer PAVd intervals) for a period of time and evaluate
(425) the AVIs during the period of suspension to determine
whether AV-DC 1s still present.

The evaluation during the suspension will require anumber
of cardiac cycles or time period to lapse to provide meaning-
tul information. That 1s, following a period of biventricular
pacing, return to baseline AV conduction may be delayed due
to the residual effects of ventricular pacing or other auto-
nomic perturbations. This could result in failure or delayed
recognition of recovery of AV-C unless ventricular pacing 1s
suspended for a suificient period of observation. A gradual
scheduled withdrawal of biventricular pacing may mitigate
these residual effects on AV conduction and permit earlier
recognition of AV coupling recovery. Searches for recovery
of AV coupling (AV-C) may also be conditionally modified.
For example, 1t 1s very likely that CTCP will be invoked
during sleep and exercise but mimimally at other times 1n
many patients. Attempted withdrawal of CTCP during these
conditions would be inappropriate. For example, a suili-
ciently long suspension during periods of sleep may be peri-
odically performed to determine if the correlation continues
over time. Alternatively, if a strong correlation exists, the IPG
14 may permanently correlate sleep with AV-DC and forego
turther attempts at suspending CTCP during periods of sleep.
A strong correlation could be defined, for example, as >80%
AVIs exceeding 230 ms during the observation period. There-
fore, some conditions would provide for “permanent” but
situation-specific application of CTCP.

If based upon the reassessment (425) of AVIs during the
suspension, AV-DC persists, then CTCP 1s provided (415). It
AV-DC 1s not detected (430) then the IPG 14 reverts to
MBVP. Alternatively, reversion to MBVP may be based upon
the termination of the correlative condition (e.g., sleep, exer-
cise, atrial pacing) detected by alternate ongoing surveillance
methods.

FI1G. 5 1s a high level overview of the application of CTCP
according to an embodiment of the disclosure. As before, the
IPG 14 (once mnitialized) operates (500) 1n an MBVP mode.
During operation, the IPG 14 1s sensing for three relevant
conditions (1n additional to normal operating parameters ) that
trigger C'TCP. Specifically, the IPG 14 1s sensing for AV-DC
(510), AV-UC (330), and AF (550).

The IPG 14 determines (515) whether AV-DC 1s present
and 1f not, continues in MBVP. If AV-DC 1s present, then the
IPG 14 operates (520) 1n the CTCP mode, while periodically
evaluating (5235) whether AV-DC 1s still present (as described
above).

The IPG 14 1s also monitoring for AV-UC (transient or
persistent breakdowns 1n AV conduction, 1.e., heart block). I
not present (535), operation of the device continues without
ventricular pacing in the MBVP mode. If AV-UC occurs, then
conditional triple chamber pacing (CTCP) (540) 1s provided.,
and the IPG 14 will periodically mitiate conduction checks
for resolution of AV-UC (1:1 AV conduction recovery) (545).

During AF surveillance, which occurs on a continuous
basis, parallel to monitoring for AC-DC and AV-UC, 1f the
IPG 14 determines (555) that AF 1s present and 11 ventricular
rates are below the lower programmed pacing rate limait, then
conditional triple chamber pacing (CTCP) 1s provided (560)
until the AF 1s terminated (565).

In summary, the IPG 14 operates in the MBVP mode which
1s intended to minimize ventricular pacing. From this state,
there are three conditions that will lead to intermittent and
situational, or persistent biventricular pacing, each with 1its
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own set of controlling parameters. With AV-DC, CTCP pro-
vides atrial synchronous biventricular pacing in every cardiac
cycle for a period of time in order to offset the burden of
undesirably delayed AV conduction (long PR intervals). This
arrangement restores and maintains optimally physiologic
AV synchronization with biventricular pacing while minimiz-
ing LV contraction asynchrony, as compared to conventional
RVA pacing. With AV-UC, biventricular pacing i1s continu-
ously provided because itrinsic AV conduction has failed
completely. CTCP 1s maintained until AV-UC has resolved or
indefinitely 11 AV-C 1s not detected aiter a prescribed number
of attempts or an absolute time has elapsed. During AE, AV-
UC 1s mstantaneous and AV-C cannot be restored until AF
terminates. In the event of undesirably slow ventricular rates
during AF, CTCP provides biventricular pacing to normalize
heart rates while minimizing LV contraction asynchrony, as
compared to conventional RVA pacing. It 1s further recog-
nized that full recovery of AV-C may not occur when AV-UC

or AF resolve. In some patients, the recovery state from AV-
UC or AF will be AV-DC. When AV-DC 1s discovered upon

resolution of AV-UC or AF, rules for managing AV-DC will be
applied as previously outlined.

FIG. 6 1s tlowchart illustrating a more detailed CTCP pro-
tocol. In order to obtain baseline PR (AVI) data, an initial
training period 1s provided (600), as described above. This
may be conducted aiter the IPG 14 1s implanted, but before
any pacing therapies other than MBVP are mnitiated. The
objective of the training period 1s to accurately characterize
AVI1behavior over a suflicient period of time on an individual
patient basis 1n order to schedule CTCP 1n an appropnate
manner. Further, in some embodiments, correlation may be
made between AVI behavior and various high AV-DC or
AV-UC burden circumstances such as atrial pacing, sleep,
exercise, rate responsive pacing, AF or other conditions.
Thus, the training period will increase progressively 1n scale
over time.

As described above 1n reference to FIG. 4A, an initial
monitoring period of at least 24 hours would be used to
establish the mean baseline AVI. This period 1s the minimum
necessary to account for circadian variation in AVI behavior
(encompassing at least 1 full wake-sleep cycle). AVIs will be
recorded on every cardiac cycle (432) and stored. In one
embodiment, the AVIs are placed in bins ranging between
120-400 ms 1n 10-20 ms increments, for example. Since AVIs
are expectedly longer during atrial pacing, separate counts
will be maintained according to atrial pacing status. For
example, 11 atrial pacing 1s not present (436), the AVI11s stored
and counted as having occurred during sinus rhythm (438),
and 11 atrial pacing 1s present (436), the AVI 1s stored and
counted as having occurred during atrial pacing (440). It 1s
anticipated that the frequency of atrial pacing will be 1ntlu-
enced by the interaction between prevailing sinus rates, lower
programmed pacing rate, and the effects of circadian varia-
tion in autonomic eifects throughout the course of a day.

In addition, the time of day associated with the occurrence
of the AVIs occurring during normal sinus rhythm can be
determined (442), so that each AV 1s stored and counted as
having occurred during sinus rhythm at a specified time of
day (444). Inthe same way, the time of day associated with the
occurrence of the AVIs occurring during atrial pacing can be
determined (446), so that each AVI 1s stored and counted as
having occurred during atrial pacing at a specified time of day
(448). In one exemplary embodiment, including the specified
time of day i1s used to distinguish between AVIs occurring
during periods when it 1s likely the patient 1s awake and AVIs
occurring during periods when it 1s likely the patient 1s asleep.
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From this data, the AVIs will be calculated and reported as
follows: (1) mean/median AVI (all conditions of sensing or
pacing) stored over the 24 hour monitoring period (434), (2)
mean/median of the AVIs occurring during sinus rhythm only
(438), (3) mean/median of the AVIs occurring during atrial
pacing only (440), (4) mean/median of the AVIs occurring
during sinus rhythm only and during specific times of day,
such as by daytime vs. nighttime, where the time of day can be
specified by the physician or set to nominal values, (5) mean/
median of the AVIs occurring during atrial pacing only and
during specific times of day, such as by daytime vs. nighttime,
where the time of day can be specified by the physician or set
to nominal values that conform to the typical wake-sleep 24
hour cycle.

Additionally, a new training period could be automatically
triggered by (1) a change 1n atrial pacing lower rate, (2) an
observed increase 1n atrial pacing percentage, (3) an observed
increase 1n back-up biventricular pacing during MBVP, (4)
activation of a sleep program or entry of sleep/wake times via
the user interface, (5) activation of rate modulation or during
a programmer-based exercise response menu. Alternately,
instead of relying upon the IPG 14 to conduct the training
period, an external monitoring device (e.g., a Holter monitor
with IPG real-time telemetry capabilities) may be utilized.

In any event, AVIdata 1s recorded (603) for a period of time
and the AVI burden 1s determined (610). In one embodiment,
the IPG 14 bins data for predetermined AVI values (e.g.,
100-150, 150-200 ms, etc) and keeps a count for each value
range with respect to the total number of cycles on a rolling
basis, tagged by rhythm status (sinus or atrial pacing), time of
day, sensor input and other definable variables.

Atthe end of the training period, the CTCP pacing regimen
1s configured (615). This either means that the IPG 14 auto-
matically configures parameters based upon AVI data col-
lected during the start-up surveillance period or the physician
programs values alter reviewing data collected during the
training period.

Based on clinical data derived from a large population of
patients with systolic heart failure who received ICDs accord-
ing to current evidence-based guidelines, had no ventricular
conduction disturbance (1.e., no bundle branch block) and
thus no 1indication for conventional CRT, and who were
receiving good medical therapy, the minimum AV] threshold
tor AV-DC would be nominally set to 230 ms. Therefore, 11 the
baseline AVI monitoring period determines that =1% all
AV1s are >230 ms, CTCP will be withheld and a second AV1
monitoring period will immediately be mnitiated. This moni-
toring period will be of greater duration (1.e., 7 consecutive
days) and data output will be similarly composed. 1T <1% all
AV1s remain >230 ms, serial 7 day monitoring periods will be
scheduled on a monthly basis or, alternately, AVIs will be
counted, classified and reported on a 30 day basis.

Alternately, the physician could select which AVI value
(absolute magnitude 1n milliseconds of each timing interval
per individual cardiac cycle) would be a threshold for AV DC,
and would likely select from values ranging from 200, 250,
300, 350, 400, 450 ms or greater. Then an overall burden
threshold would be selected, indicative of a percentage of (1)
time and/or (2) total cardiac cycles that the patient’s AVI
exceeds the numerical threshold. If the burden threshold
exceeds this composite value, AV-DC 1s declared.

Subsequent to training, the IPG 14 1s configured to operate
(620) according to an MBVP protocol. Thus, for a given
cardiac cycle, the IPG 14 determines (625) whether there was
a RV-sensed event in the immediately preceding cardiac
cycle. If not, the IPG 14 provides (630) a properly timed
ventricular pacing pulse. Next, the IPG determines (635)
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whether AV-UC 1s present or whether this was simply a single
tolerable missed beat. For example, a determination 1s made
as to how many recent cardiac cycles have been devoid of
intrinsic ventricular activity. If the ratio of atrial to ventricular
events exceeds 4:3, AV-UC 1s declared. Otherwise, persistent
AV-UC 1s not 1dentified (635) and operation returns to the
atrial based mode of MBVP (620). If AV-UC 1s identified
(635), then the IPG 14 operates (640) 1n the CTCP mode. At
various times, the IPG 14 will perform (645) conduction
checks to determine if intrinsic AV conduction has returned.
Such a conduction check 1s performed by either gradually
extending the PAVd or withholding ventricular pacing for a
cardiac cycle. Such checks for return of conduction may be
temporarily or permanently withheld when a suificient his-
tory provides evidence that return of AV conduction 1s
unlikely. After performing the conduction check, the IPG
reevaluates (650) whether AV-UC 1s present. IT 1t 1s, operation
continues 1n the CTCP mode (640). I intrinsic conduction
has returned and AV-C has been restored, the IPG resumes
operation 1n the atrial based condition of MBVP (621). If
intrinsic conduction has returned but remains 1impaired, sat-
1siying criteria for AV-DC, the IPG continues in CTCP mode
and, AVI data 1s updated (655) and AVI burden threshold for
AV-DC 1s analyzed (660).

Likewise, 1f the IPG 14 determines (625) there was a
sensed ventricular event in the immediately preceding cardiac
cycle, the IPG 14 determines (623) whether AF 1s present.
Analysis of atrial rhythm status occurs during all phases of
operation. If AF 1s determined to be present, the IPG 14
switches (627) to a non-tracking mode (DDI/R) and, as long
as the ventricular rate occurring during the determined AF 1s
below the programmed rate, operates (626) in the CTCP
mode. Since AF 1s an instantaneous form of AV-UC, no fur-
ther analysis 1s needed and non-atrial synchronous biven-
tricular pacing 1s provided based on analysis of intrinsic ven-
tricular rate and/or sensor-indicated ventricular rate. In the
event ol undesirably slow ventricular rates during AF, CTCP
provides biventricular pacing to normalize heart rates while
minimizing LV contraction asynchrony, as compared to con-
ventional RVA pacing. The IPG 14 determines (628) whether
the AF has terminated, and once termination of AF 1s detected
the IPG resumes operation in the atrial based condition of
MBVP (629).

If 1ntrinsic conduction 1s determined to be present (625),
1.€., a ventricular event was sensed 1n the preceding cycle and
if AF 1s not present (623 ) or has terminated, or once AV-UC 1s
determined to no longer be present (650) during the conduc-
tion check (645), the IPG 14 updates (655) the AVI data. In
one embodiment, the absolute magnitudes of the AVIs are
stored as counts 1n the appropriate bins. Additionally, supple-
mental data indicating physiologic status and linked to AV
data such as atrial pacing percentage, time of day, estimates of
sleep or wake, and parameters of exercise (rate response on,
rate response level), etc., may also be stored.

With each additional data point, the IPG 14 evaluates (660)
whether the threshold for AV-DC has been crossed. For
example, 11 >1% of recent cardiac cycles have AVI >230 ms,
then AV-DC may be declared. As indicated, the threshold
percentage and interval durations may vary based upon clini-
cal preference. If the threshold 1s crossed (660), then the IPG
14 operates (670) 1n the CTCP mode, wherein bi-ventricular
pacing 1s provided (unless inhibited) 1in each cardiac cycle.

Even 11 the threshold has not been reached (660), the IPG
14 may switch to the CTCP mode (670) 11 a predetermined
high burden circumstance 1s 1dentified (665). That 1s, either
during the testing period or over time, a correlation may be
drawn between AVI behavior and various predictably recur-
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ring high AV-DC or AV-UC burden circumstances. Thus,
rather than requiring the AV-DC burden to cross the threshold
under these established circumstances, CTCP will be auto-
matically applied without delay when such circumstances are
recognized. As indicated, examples of such circumstances
would be expected to include atrial pacing (particularly at
high frequencies), sleep, exercise, or rate responsive pacing.

If >80% of all AVIs exceed 230 ms during any circum-
stance where alternate means of reducing AVIs are impracti-
cal (1.e., reducing atrial pacing rate), attempts to revert to
MBVP could be suspended. On the other hand, situations
where <80% of all AVIs exceed 230 ms could trigger attempts
to revert to MBVP (620) when the high burden circumstance
terminates (673). Alternatively, after a predetermined period
of time (680), the IPG 14 reverts to MBVP (685) to determine
whether or not AV-DC continues. Sullicient time 1s allowed to
assess the return to normal of baseline timing of intrinsic
conduction. This will likely be on the order of minutes and
perhaps hours. IT the IPG 14 determines the AV-DC 1s no
longer present, the MBVP protocol 1s fully resumed (620). If
AV-DC 1s present, then the conditional timer 1s reset (700) to
an appropriate value and operation 1n the CTCP mode con-
tinues. In most circumstances, the duration of the conditional
timer will be increased with each 1teration.

FI1G. 7 1s a flowchart 1llustrating an exemplary feature of
cumulative assessment of AVI burden according to an
embodiment of the disclosure. During the initial training
period, described above, recognition of certain interactions
between bradycardia programming, AVIs, and intrinsic heart
rate can be used to modity the CTCP operating hierarchy.

If the programmed bradycardia pacing rate substantially
exceeds the patient’s intrinsic heart rate, 1t 1s expected that
atrial pacing will be delivered virtually 100% of the time. For
example, 11 the prevailing sinus rate 1s 40 beats/minute and the
lower pacing rate 1s programmed to 60 beats/minute, 1t 1s
highly likely that atrial pacing will be delivered on every
cardiac cycle. Thus, atrial pacing percentage will approach
100%, except under conditions where the patient’s sinus rate
exceeds the lower pacing rate, such as during exertion. Since
exertional heart rates account for a minority (<1-5%) of total
cardiac cycle time 1n the typical ambulatory device patient,
the atrial pacing percentage will still approach 90-100%. Thais
scenario 1s typically encountered 1n a patient with sinus node
dysfunction, 1n whom a dual or multichamber ICD system
was explicitly chosen to provide continuous physiologic heart
rate support, 1n addition to other known and desired functions.

Theretore, 1f the AVI burden satisfies the AV-DC threshold,
an assessment ol atrial pacing percentage 1s made. If the atrial
pacing percentage 1s sulliciently high, for example >80% (or
other similarly appropriate thresholds), it 1s likely that (1)
atrial pacing percentage will remain substantially high and
(2) AV-DC will persist until the programmed atrial pacing rate
1s reduced. Consequently, further periodic assessments of
AV] burden are unlikely to yield different results. Therefore,
periodic determinations of the high burden circumstance are
omitted, and the determination of a high burden circumstance
would no longer be applicable for the patient. This status
would remain indefinitely, unless the programmed atrial pac-
ing rate was later reduced to a value at or below the prevailing
sinus rate.

As described above, one of the high burden circumstances
that may be 1dentified as part of the cumulative AVI assess-
ment of the present disclosure 1s the level of atrial pacing. It
has been determined that, compared to patients who tend to
receive Substantlally no atrial pacing therapy, those patients
who recerve substantial high level of atrial pacing therapy, but
who do not reach the level of being identified as being con-
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tinuously paced, were more likely to have an increased ten-
dency towards experiencing heart failure. Therefore, accord-
ing to an embodiment of the disclosure, during determination
of high burden circumstances, 1f the patient was not previ-
ously 1dentified during the traiming period as requiring deliv-
ery ol a substantially continuous atrial pacing regimen to be
delivered, the device determines whether the AVI burden 1s
greater than a predetermined high burden circumstance
threshold (700). In one embodiment, for example, the higher
burden circumstance threshold 1s set as a percentage of AV
intervals having a given length during a predetermined time
period, such as 10 percent of the AVIs over a one week period
that are greater than 230 ms, although greater AVI lengths,
lengths of time and percentages may be utilized.

If the AVI burden 1s greater than the high burden circum-
stance threshold, 1.e., greater than 10 percents of AVIs over a
one week period are greater than 230 ms, a determination 1s
made as to whether atrial pacing 1s being applied (710). If no
atrial pacing 1s being applied, the high burden circumstance 1s
not 1dentified, and the device operates in the MBVP mode
(712), described above. If atrial pacing 1s being applied, a
determination 1s made as to whether the amount of atrial
pacing that 1s being applied 1s greater than a pacing threshold
(714). In one embodiment, the pacing threshold 1s set so that
the determination in (714) includes determining whether
atrial pacing 1s being applied more than 15 percent on an
averaged daily basis. If the amount of atrial pacing being
applied 1s not greater than the pacing threshold, 1.e., 15 per-
cent of the time on an averaged daily basis, the high burden
circumstance 1s not identified, and the device operates 1n the
MBVP mode (712), described above. If the amount of atrial
pacing being applied i1s greater than the pacing threshold
(714), a determination 1s made as to what portion of the atrial
pacing 1s taking place during a predetermined condition
(716), such as during sleep, for example. In another embodi-
ment, the predetermined condition may be rate response, for
example.

Once the portion of the atrial pacing taking place during the
predetermined condition 1s determined, a determination 1s
made as to whether the portion of the atrial pacing that 1s
occurring during the predetermined condition 1s greater than
a corresponding predetermined condition threshold (718). If
the portion of the atrial pacing that 1s occurring during the
predetermined condition 1s not greater than the predeter-
mined condition threshold (718), the high burden circum-
stance 1s not identified, and the device operates 1n the MBVP
mode (712), described above.

In an embodiment in which the predetermined condition 1s
sleep, the determination 1 (718) includes determining
whether the atrial pacing 1s being delivered while the patient
1s asleep. If atrial pacing 1s being delivered while the patient
1s asleep (718), a sleep function 1s activated (720). For
example, activation of the sleep function includes lowering
the pacing rate from the programmed rate to a lower rate. In
one embodiment, the pacing rate 1s reduced from 60 bpm to
40 bpm. This sleep function remains activated for a predeter-
mined period of time, such as one week for example. Once the
sleep function has been activated for the predetermined
period of time, a determination 1s made as to whether the
amount of atrial pacing that 1s delivered during the sleep
function 1s also greater than the atrial pacing threshold (722),
1.¢., more than 15 percent on an average daily basis.

I the amount of atrial pacing that1s delivered 1s determined
to be greater than the pacing threshold (722) despite activa-
tion of the sleep function, 1.e., lowering of the pacing rate
threshold, atrial pacing 1s determined to be a high burden
circumstance (724), and the device operates in the CTCP
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mode whenever the high burden circumstance 1s determined
to be taking place, 1.¢., when atrial pacing 1s being delivered.
I1 the amount of atrial pacing that 1s delivered 1s determined
not to be greater than the pacing threshold (722) during acti-
vation of the sleep function, the high burden circumstance 1s
not i1dentified, and the device operates in the MBVP mode
(712), described above.

FIG. 8 1s a flowchart 1llustrating an exemplary feature of
cumulative assessment of AVI burden according to an
embodiment of the disclosure. Another potential high burden
circumstance mvolves those patients who do not recerve a
substantial level of atrial pacing, but nonetheless tend to
experience relatively prolonged spontaneous PR intervals,
resulting 1n an increased tendency towards experiencing heart
tailure. Therefore, according to an embodiment of the disclo-
sure, during determination of high AVI burden circumstances,
a determination 1s made as to whether the AVI burden 1is
greater than a predetermined high burden circumstance
threshold (800). In one embodiment, the high burden circum-
stance threshold 1s set as greater than 10 percent of AVIs over
a one week period being between 250 and 260 ms, for
example. IT the AVI burden is not greater than the high burden
circumstance threshold, the high burden circumstance 1s not
identified, and the device operates 1n the MBVP mode (812),
described above.

If the AVI burden 1s greater than the high burden circum-
stance threshold, 1.e., greater than 10 percent of AVIs over a
one week period being between 250 and 260 ms a determi-
nation 1s made as to whether atrial pacing 1s being applied
(810). In one embodiment, 11 the patient experiences less than
15 percent daily atrial pacing, the atrial pacing threshold i1s
not satisfied and atrial pacing 1s determined to be not applied
in (810). If atrial pacing 1s being applied, 1.¢., greater than 15
percent atrial pacing 1s being delivered daily, the high burden
circumstance (no atrial pacing being delivered and AVI bur-
den greater than 250 ms) 1s not i1dentified, and the device
operates 1n the MBVP mode (812), described above. IT atrial
pacing 1s not being applied, the high burden circumstance 1s
assigned (814), and the device operates 1n the CTCP mode
whenever the high burden circumstance 1s determined to be
taking place, 1.e., when no atrial pacing 1s being delivered and
the AVI burden 1s greater than between 250-260 ms.

FIG. 9 1s a flowchart illustrating an exemplary feature of
cumulative assessment of AVI burden according to an
embodiment of the disclosure. Another potential high burden
circumstance 1mvolves those patients who tend to experience
relatively prolonged spontaneous PR intervals and experi-
ence a predetermined amount of back-up biventricular pacing
(B1-Vp) to be delivered while the device 1s in the MBVP
mode. It has been found that worsening heart failure tends to
result where AVIs are greater than 230 ms and this predeter-
mined level of biventricular pacing being delivered for inter-
mittent AV-DC 1s greater than between 10 and 13% during
MBVP. Therefore, according to an embodiment of the disclo-
sure, during determination of high AVI burden circumstances,
a determination 1s made as to whether the AVI burden 1s
greater than a predetermined high burden circumstance
threshold (900). In one embodiment, the high burden circum-
stance threshold 1s set as a percentage of AV intervals having
a given length during a predetermined time period, such as 10
percent of the AVIs over a one week period that are greater
than 230 ms, for example, although greater AVI lengths,
lengths of time and percentages may be utilized. If the AVI
burden 1s not greater than the high burden circumstance
threshold, the high burden circumstance 1s not identified, and
the device operates in the MBVP mode (912), described
above.
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If the AVI burden 1s greater than the high burden circum-
stance threshold, 1.e., 10 percent of the AVIs over a one week
period being greater than 230 ms, a determination 1s made as
to whether the amount of biventricular pacing that 1s being
delivered when the device 1s 1n the MBVP mode 1s greater
than a biventricular pacing threshold (912), 1.e., greater than
10 to 15 percent biventricular pacing when in the MBVP
mode, for example. If the amount of biventricular pacing that
1s being delivered 1s not greater than the biventricular pacing
threshold, the high burden circumstance 1s not identified, and
the device operates in the MBVP mode (912), described
above. If the amount of biventricular pacing that 1s being
delivered 1s greater than the biventricular pacing threshold,
the high burden circumstance 1s assigned (914), and the
device operates in the CTCP mode whenever the high burden
circumstance 1s determined to be taking place, 1.e., when AVI
burden 1s greater than 230 ms and the amount of biventricular
pacing being delivered when the device 1s in the MBVP mode
1s greater than between 10 and 15 percent.

Some of the techniques described above may be embodied
as a computer-readable medium comprising instructions for a
programmable processor such as a microprocessor, pacer/
device timing circuit, or control circuit. The programmable
processor may include one or more individual processors,
which may act independently or in concert. A “computer-
readable medium”™ includes but 1s not limited to any type of
computer memory such as floppy disks, conventional hard
disks, CR-ROMS, Flash ROMS, nonvolatile ROMS, RAM
and a magnetic or optical storage medium. The medium may
include instructions for causing a processor to perform any of
the features described above for imitiating a session of the
escape rate variation according to the present invention.

It will be understood that certain of the above-described
structures, functions and operations of the above-described
preferred embodiments are not necessary to practice the
present invention and are included 1n the description simply
for completeness of an exemplary embodiment or embodi-
ments.

In addition, 1t will be understood that specifically described
structures, functions and operations set forth 1n the above-
referenced patents can be practiced in conjunction with the
present invention, but they are not essential to 1ts practice.

It 1s therefore to be understood, that within the scope of the
appended claims, the mvention may be practiced otherwise
than as specifically described without actually departing from
the spirit and scope of the present invention.

The invention claimed 1s:

1. A medical device, comprising:

an atrial pacing lead;

a right ventricular lead;

a left ventricular lead; and

a microprocessor operably coupled with the atrial pacing

lead, the right ventricular lead and left ventricular lead
and configured to receive cardiac signals from the leads
and to provide pacing stimuli according to a minimal
bi-ventricular pacing protocol (MBVP)1n the absence of
atrial fibrillation (AF) and to provide pacing stimuli
according to a conditional triple chamber pacing proto-
col (CTCP) if AF 1s present.

2. The device of claim 1, wherein the microprocessor 1s
turther configured to determine AV 1ntervals and 1n response
to the atrial fibrillation not being present determine whether
AV decoupling 1s present based upon the AV intervals, and to
operate the device in the CTCP mode 1f the AV decoupling 1s
determined to be present.

3. The device of claim 2, wherein the microprocessor 1s
turther configured to determine a presence of AV uncoupling
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based upon ventricular activity, and operate the device 1n the
CTCP mode 1 the AV uncoupling 1s determined to be present.

4. The device of claim 1, wherein the microprocessor deter-
mines AV 1ntervals in response to the atrial fibrillation not
being present, and determines whether AV decoupling 1s
present based upon the AV intervals, and operates the device
in the CTCP mode if the AV decoupling 1s determined to be
present.

5. The device of claim 4, wherein the microprocessor 1s
configured to operate the device in the conditional triple
chamber pacing mode in response to both AF not being
sensed and a predetermined high burden circumstance being
identified.

6. The device of claim S, wherein the predetermined high
burden circumstance 1s one of an indication of sleep and an
indication of exercise.

7. The device claim 4, wherein the microprocessor deter-
mines whether an AV interval burden associated with the
sensed AV 1ntervals 1s greater than a predetermined threshold,
and 1dentifies one or more predetermined high burden cir-
cumstance, wherein AV decoupling 1s determined to be
present 1n response to one of the AV interval burden associ-
ated with the sensed AV intervals being greater than the pre-
determined threshold and the predetermined high burden cir-
cumstance being present.

8. The device of claim 7, wherein the predetermined high
burden circumstance 1s an indication of one or more of atrial
pacing, increasing atrial pacing percentage, and upward
change 1n programmed atrial pacing rate.

9. The device of claim 4, wherein the microprocessor col-
lects AV 1nterval data prior to operating the device 1n the
MBVP mode 1n order to establish a longitudinal AV interval
baseline across a diversity of time and physiologic circum-
stances.

10. The device of claim 4, wherein the microprocessor
determines the presence of AV uncoupling based upon sensed
ventricular activity, and operates the device i the CTCP
mode 11 the AV uncoupling 1s determined to be present.

11. The device of claim 10, wherein the microprocessor
determines whether a predetermined number of the sensed
AV 1ntervals exceed a first threshold during a predetermined
time period, and determines that the AV uncoupling is present
if the predetermined number 1s greater than a second thresh-
old.

12. The device of claim 10, wherein the microprocessor
monitors the number of cardiac cycles that are devoid of
sensed ventricular activity, and determines AV uncoupling to
bepresent 1 X o1 Y of the monitored number of cardiac cycles
are devoid of sensed ventricular activity.

13. The device of claim 10, wherein the microprocessor
determines whether an AV interval burden 1s greater than a
predetermined threshold, and determines the AV uncoupling,
to be present in response to the AV interval burden being
greater than the predetermined threshold and predetermined
high burden circumstance being present.

14. The device of claim 13, wherein the predetermined
high burden circumstance 1s an indication of one or more of
atrial pacing, increasing atrial pacing percentage, and upward
change 1n programmed atrial pacing rate.

15. A non-transitory computer readable medium having
computer executable mstructions for performing a method 1n
a medical device, the method comprising:

operating the device in a minimal biventricular pacing

(MBVP) mode;

sensing cardiac signals;

determining whether atrial {fibrillation 1s present in

response to the sensed cardiac signals; and
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operating the device 1n a conditional triple chamber pacing
(CTCP) mode 11 atrial fibrillation 1s present.

16. A method of delivering therapy 1n a medical device, the
method comprising:

operating the device 1n a minimal biventricular pacing

(MBVP) mode;

sensing cardiac signals;

determining whether atrial fibrillation 1s present 1n

response to the sensed cardiac signals; and

operating the device 1n a conditional triple chamber pacing

(CTCP) mode if atrial fibrillation 1s present.

17. The method of claim 16, further comprising:

sensing AV intervals;

determiming, in response to atrial fibrillation not being

present, whether the AV decoupling 1s present based
upon the sensed AV intervals; and

operating the device in the CTCP mode 1f AV decoupling 1s

determined to be present.

18. The method of claim 17, further comprising:

identifying predictably recurring predetermined high bur-

den AV decoupling circumstances; and

operating the device 1n the conditional triple chamber pac-

ing mode 11 the predetermined high burden circumstance
1s 1dentified.

19. The method of claim 18, wherein the predetermined
high burden circumstance 1s one of an 1ndication of sleep and
an indication of exercise.

20. The method of claim 17, further comprising:

determiming whether an AV interval burden associated with

the sensed AV intervals 1s greater than a predetermined
threshold; and

identifying one or more predetermined high burden cir-

cumstance, wherein the AV decoupling 1s determined to
be present 1n response to one of the AV interval burden
associated with the sensed AV intervals being greater
than the predetermined threshold and a predetermined
high burden circumstance being present.

21. The method of claim 20, wherein the predetermined
high burden circumstance 1s an indication of one or more of
atrial pacing, increasing atrial pacing percentage, and upward
change 1n programmed atrial pacing rate.

22. The method of claim 17, further comprising collecting,
AV 1nterval data prior to operating the device the MBVP
mode 1n order to establish a longitudinal AV iterval baseline
across a diversity of time and physiologic circumstances.

23. The method of claim 17, further comprising:

sensing ventricular activity;

determining a presence of the AV uncoupling based upon

the sensed ventricular activity; and

operating the device in the CTCP mode if AV uncoupling 1s

determined to be present.
24. The method of claim 23, further comprising determin-
ing whether a predetermined number of the sensed AV 1nter-
vals exceed a first threshold during a predetermined time
period and determining that AV decoupling 1s present if the
predetermined number 1s greater than a second threshold.
25. The method of claim 23, wherein the method further
comprises monitoring the number of cardiac cycles that are
devoid of sensed ventricular activity, wherein AV uncoupling
1s determined to be present 11 X o1 Y of the monitored number
of cardiac cycles are devoid of sensed ventricular activity.
26. The method of claim 23, further comprising:
determining whether an AV interval burden is greater than
a predetermined threshold; and

identifying the presence of a predetermined high burden
circumstance, wherein AV decoupling 1s determined to
be present 1 response to the AV interval burden being
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23 24
greater than the predetermined threshold and the prede- atrial pacing, increasing atrial pacing percentage, and upward
termined high burden circumstance being present. change 1n programmed atrial pacing rate.

27. The method of claim 26, wherein the predetermined
high burden circumstance 1s an indication of one or more of % % ko
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